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Introduction
Copy number variants (CNVs) are rare structural variations of the genome arising from unbalanced meiotic rearrangements that can result in carriers possessing a deletion or duplication of parts of one of the chromosome pairs. An increased burden of CNVs has been observed in several neurodevelopmental and psychiatric diseases, including autism spectrum disorders (ASD), attention-deficit/hyperactivity disorder (ADHD), intellectual disability (ID), and schizophrenia (1) (2) . How these damaging variants modify risk for psychopathology is still not well understood at the mechanistic level, but given their relatively high penetrance and cross-disorder pleiotropic effects, significant impact on brain structure and function is anticipated.
Altered white matter (WM) structure has been consistently reported in psychiatric disorders. For instance, in the case of schizophrenia, neuroimaging studies have shown abnormal structural and functional connectivity at both microscopic and macroscopic levels, such data have been central in supporting various 'dysconnectivity' hypotheses of mental disease (3) (4) . It follows that a key question for neurobiological research is whether CNVs that are associated with neurodevelopmental disorders, including schizophrenia, are also associated with changes in WM and brain connectivity.
The 15q11.2 BP1-BP2 cytogenetic microdeletion is emerging as a recognized syndrome and has been associated with developmental, speech, language, and motor delays (5) (6) , and also with increased susceptibility for epilepsy (7) , ADHD (5), ASD (8) , and schizophrenia (9) . Moreover, recent ultra-high resolution chromosomal microarray analyses report the 15q11.2 BP1-BP2 deletion as the most frequent finding in those with only ASD or ASD combined with intellectual disability and congenital anomalies (10) . The reciprocal M A N U S C R I P T
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Not all the individuals with the BP1-BP2 microdeletion/microduplication are clinically affected, and the genes in this region have variable expressivity. Yet, healthy individuals with the deletion and without a current clinical diagnosis, frequently report mild to moderate impairments in motor function and deficits across several cognitive domains, including an increased incidence of difficulties in mathematics and reading skills (11) (12) , while healthy individuals with the duplication perform to a similar level as population controls (12) . In a recent study by Ulfarsson et al. (13) , these cognitive deficits were shown to be accompanied by structural changes in the brain, as assessed by structural magnetic resonance, of individuals with a deletion or duplication showing reciprocal structural effects as well as different patterns of brain activation in tests of reading and mathematics. However, the effect on WM microstructure cannot be assessed with standard magnetic resonance imaging, and diffusion tensor imaging (DTI) studies are needed.
The 15q11.2 BP1-BP2 region is adjacent to the areas affected in the Prader-Willi and Angelman syndromes, conditions resulting from deletions of the BP1-BP3 (type I) or the BP2-BP3 (type II) regions at 15q11.2, with the BP1-BP2 deletion partly overlapping the type I but not type II Prader-Willi/Angelman region. Individuals with type I deletion report more severe neurodevelopmental disturbances compared to individuals with the smaller type II deletion (14) (15) . The isolated BP1-BP2 region spans ~500kb and encompasses four different genes: non-imprinted in Prader-Willi/Angelman syndrome 1 gene (NIPA1), nonimprinted in Prader-Willi/Angelman syndrome 2 gene (NIPA2), cytoplasmic FMR1 interacting protein 1 (CYFIP1), and tubulin gamma complex associated protein 5 gene (TUBGCP5) (16). The four genes probably play a role in brain development and function, and some work has been done to understand the extent and mechanism through which they M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 contribute to increased risk for psychiatric disorder in the 15q11.2 BP1-BP2 region (5 Cyfip1 protein in the brain have the potential to influence WM, the former through effects on neuronal structure and integrity, and the latter via interactions with FMRP, mutations in which are known to be associated with changes in WM structure (25) . Loss of FMRP function, due to an expansion repeat in the FMR1 gene on the long arm of the X chromosome, is a cause of fragile X syndrome (FXS), the most common monogenic form of inherited intellectual disability (26) .
Recently, two studies (27)(28) used DTI to investigate differences in WM microstructure, and compared subjects with FXS to subjects without FXS but with similar intelligence quotient (IQ) and levels of autistic symptoms (minimizing confounding effects due to intellectual ability), and found increased fractional anisotropy (FA) as well as
decreased radial diffusivity (RD) and mean diffusivity (MD) in several WM tracts in FXS subjects. Therefore, it might be anticipated, given the close molecular links between CYFIP1
and FMRP, that some degree of phenotypic overlap may be present in FXS and 15q11.2 BP1-BP2 deletion.
In the present work, we employed a DTI approach to assess WM microstructural changes associated with the 15q11.2 BP1-BP2 region in an adult cohort, selected from the Icelandic population, without a known diagnosis of schizophrenia or autism, thereby potentially avoiding the confounding effects of the disorders clinical signs. Combining brainwide voxel-based approach (TBSS) with an atlas-based analysis, allowing quantification of the magnitude of regional changes, we hypothesized that we would see a similar pattern of effects as reported for FXS: increased FA in 15q11.2 BP1-BP2 deletion. We also assessed healthy adults with the reciprocal duplication to evaluate the extent of any reciprocal effects on the neural phenotype. Our data begin to identify specific components of the 15q11.2 BP1-BP2 phenotype and mechanisms of potential relevance to the increased risk for disorder.
Methods

Participants
In total, 30 individuals with the 15q11.2 BP1-BP2 deletion, 27 with the reciprocal duplication, and 19 controls without large CNVs (NoCNV) were recruited from a large genotyped sample of approximately 160 000 subjects representing half of the Icelandic population, where none of the subjects had any other large CNVs. Subjects aged between 21
and 66 years old were included in this study, and the number of females (F) and males (M) was the same (38 males and 38 females) and balanced in each condition group. All the subjects were clinically healthy, where subjects were excluded if they had ICD-10 or DSM- (12) . There were no significant differences in the IQs between groups. Although all the individuals with the deletion were tested, only 11 out of 19 NoCNV, and 26 out of 27 duplication groups were tested. Demographic information is described in Table 1 , and family relationships between subjects are described in Table S2 .
Diffusion Tensor Imaging
Water diffusion is anisotropic in healthy nerve fibers, diffusing freely along the fiber tracts but restricted in the perpendicular direction (32) . DTI is sensitive to these anisotropic changes which makes this technique particularly useful for evaluating WM microstructure (33) . DTI (36) . Field inhomogeneities were corrected using the approach of Wu et al. (37) . Each diffusion-weighted image (DWI) was nonlinearly warped to the T 1 -weighted image using the FA maps from the DWIs as a reference. Warps were computed using Elastix (38) , by using normalized mutual information as the cost function and constraining deformations to the phase-encoding direction (PA). The corrected DWIs were therefore transformed to the same (undistorted) space as the T 1 -weighted structural images. ExploreDTI was used to generate whole-brain maps of FA, AD, RD, and template. An optimal FA threshold of 0.2 was chosen for the binary skeleton mask.
Afterwards, all the AD, RD, and MD maps were also registered to the FMRIB58_FA template.
General linear models were created to investigate copy number effects at 15q11.2 BP1-BP2. Statistically significant differences were first assessed with a multiple regression model (duplication>NoCNV>deletion and deletion>NoCNV>duplication). Total intracranial volume (TIV), age, and sex were included as covariates of no interest. Differences in DTI measures between groups were assessed using voxel-wise independent t-tests (deletion vs NoCNV, duplication vs NoCNV, and deletion vs duplication), where six different contrasts were used to assess group differences ( Table 2 ). The randomize function from FSL was used with the threshold-free cluster enhancement (TFCE) approach (40) For these, R package (42) was used to test differences between groups.
To account for multiple testing in the pairwise comparisons, we used the standard false discovery rate (FDR) method based on the Benjamin-Hochberg approach (43), taking into account the relation between different WM tracts and between DTI metrics. Only significant FDR adjusted p-values are reported. Cohen's d effect sizes were calculated for differences between deletion and duplication (44) . An interaction between sex and 15q11.2 BP1-BP2 dosage was also evaluated.
Results
Between-group TBSS analysis
TBSS was used to assess groupwise microstructural differences in major WM pathways throughout the brain. F statistics showed extensive significant differences in the direction deletion>NoCNV>duplication in FA, and duplication>NoCNV>deletion in AD,
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12 RD, and MD. Further pairwise comparisons showed extensive and global increase in FA, and decreased AD, RD, and MD in the deletion compared to duplication. These differences were seen in major WM tracts, such as corpus callosum (CC), superior longitudinal fasciculus (SLF), inferior longitudinal fasciculus (ILF), and internal capsule (IC). Moreover, the deletion also showed increased FA when compared with NoCNV in the posterior thalamic radiation (PTR). The duplication showed significantly increased AD when compared with
NoCNV. The contrasts that gave rise to significant voxel-wise results (p<0.05, corrected) are summarized in Table 2 and TBSS results are displayed in Figure 1 .
Between-group regional analyses
Results from the atlas-based segmentation were consistent with the TBSS. Plots of the data confirmed the overall pattern of increased FA in deletion compared to duplication, with
NoCNV lying intermediate between these groups ( Figure 2 ). However, deletion showed greater effect sizes than duplication, when compared to NoCNV (Table S1 ). Since the pairwise comparisons were only significant between deletion and duplication, we only show
Cohen's effect size plots for comparisons of deletion versus duplication. Cohen's effect sizes for FA and AD are displayed in Figure 3 , and for all the DTI measures in Figure S1 . The largest effect size was observed for higher FA and lower RD in the posterior limb of the internal capsule (PLIC). Across the whole brain, the effect size was medium in FA (Cohen's effect size=0.69), RD (Cohen's effect size=-0.68), and MD (Cohen's effect size=-0.63), and small for AD (Cohen's effect size=-0.38), according to Cohen's criteria (44) . Findings are summarized in Table 3 and extended in Table S1 . As some of the subjects are related, we reanalyzed the data using only one member from each family and found the results to be consistent with initial findings/primary analyses. However, a few WM tracts became non-
significant, possibly due to the loss of power from reducing the cohort to 65 subjects ( Figure   S3 and S4).
Sex differences
A sex-by-dosage interaction model was used to investigate sex differences in relation to 15q11.2 BP1-BP2 dosage. Although we found no significant interaction effect in the whole-group analysis, we found significant differences in effect size when analyzing males and females separately, as assessed by using a two-tailed unpaired t-test. 
Discussion
In a whole-brain exploratory analysis, we found consistently increased FA, and decreased RD and MD in individuals with the 15q11. "mirror phenotype" (12) . However, the deletion showed a greater impact on WM microstructure by showing larger effect sizes than the duplication (Table S1 ).
We found the greatest effects in FA and RD bilaterally in the PLIC (Figure 2 and Figure S1 ). The PLIC carries sensory information from the thalamus to the cortex, a key sensorimotor relay area implicated in schizophrenia (45) and ASD (46) . In schizophrenia, reductions in FA have been reported in the internal capsule (4). However, in ASD patients, functional connectivity between motor regions of the thalamus and cortex was found hyperconnected (47) , and a longitudinal study showed that the thalamus and internal capsule undergo an atypical development trajectory in ASD, where increasing connectivity from childhood through adolescence and adulthood was seen (48) . The increased FA in the PLIC seen in the deletion could be a result of an abnormal thalamus and internal capsule development, which could relate to motor delays frequently reported in the BP1-BP2
deletion. Thus, a younger group is needed to look at the age trajectory of FA and its correlates with motor function outcome. We also found a large effect size in FA in the left ILF, a major WM tract thought to be critical to semantic processing and be involved in dyslexia. Dyslexia and dyscalculia are common features in 15q11.2 BP1-BP2 deletion, and individuals with the deletion were previously shown to have a smaller fusiform gyrus (13), a structure that was shown to play a role in reading and mathematics, and connects to the ILF (49) .
Although all DTI changes seem to be consistent throughout the brain, regional analysis show increases and decreases in AD in different WM tracts in the deletion (Figure 2 and 3). Previously, AD has been related to axonal damage and RD with axonal density and myelin (50) . FA reflects the relative contribution of the AD and RD. Since we find global increased FA, including areas where AD is decreased, the RD contribution seems to be stronger. The global decreased RD in the corpus callosum (and other areas) found here, could M A N U S C R I P T
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Furthermore, areas with reduced AD could be a result of reduced axonal integrity.
Increased FA arising from abnormal WM organization has been reported before in
Williams syndrome patients, a chromosomal disorder associated with visual-spatial deficits, where higher FA in the SLF tract was correlated with deficits in visuospatial construction (51) . The globally increased FA in the deletion could point to either a compensatory mechanism in response to primary deficits, as a protection against disease onset, or to a diffuse dysregulation of neuronal dynamics, increasing the risk for psychiatric disorder. Comparable to what we have reported here, increased FA was found in individuals with the 16p11.2 deletion, and opposite changes were found in the reciprocal duplication (71) . The extensive reciprocal effects on WM reported here, and in previous studies (9)(13), show that the 15q11.2 BP1-BP2 also affects WM microstructure in a dosage-dependent way. When it comes to neuropsychiatric and behavioral findings at this locus, the picture is less clear (6).
The microdeletion has been associated with developmental delay, schizophrenia and autism, whereas duplication is generally not considered as risk locus for schizophrenia (72) , and has not come out as a significant risk variant for developmental delay in recent large-scale genetic studies (73) . Moreover, the microdeletion has been shown to have a greater impact on cognitive function in healthy individuals, particularly in the acquisition of mathematical skills and reading, whereas the duplication performed similarly to NoCNV (12) (13) . In this study, the microdeletion also shows a greater impact on WM microstructure with larger effect sizes than the microduplication (Table S1 ), but the lack of cognitive data in this sample did not allow us to find correlations between increased FA and cognition.
A limitation of this study was the impossibility to correct regions with crossing fibers, and reductions in the number of fibers in these regions might give rise to increased FA. The fact that we see an overall increased FA, and not only in crossing fiber regions, makes this less likely to be the main cause of the group differences. In the current analysis, we could not find a sex-by-dosage interaction but males showed larger effect sizes compared with females ( Figure S2 ), suggesting sex-dependent changes in WM. Although the molecular causality behind this sex difference is still unclear, sex bias has been observed in neurodevelopmental disorders (74) . Moreover, 15q11.2 BP1-BP2 was shown to have a greater impact on ASDrelated phenotype in males than females (8) . Further larger studies will, however, be required to determine the exact interaction of sex and 15q11.2 BP1-BP2 dosage. AD is the measure of water diffusivity along the main axis of diffusion, and is thought to reflect fiber coherence. RD is characterized by the perpendicular diffusivities to the main axis of diffusion, and is inversely correlated with myelin thickness and fiber density. Lastly, MD is the average diffusion across all directions. Significant results for the two-sample t-test showing group differences between deletion (Del, n = 25), duplication (Dup, n = 22), and no large copy number variants (NoCNV, n = 18) groups for fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD) maps. Here, only contrasts that gave rise to significant results after correction are displayed (p<0.05, corrected). Within the significant results, red and blue code for less significant results and yellow and green for more significant results. The deletion showed widespread increased FA, and decreased AD, RD, and MD compared with duplication group. The duplication showed increased AD compared with NoCNV group. 
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